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Baryon, Dark Matter

• Focus of this talk:

Baryon (atomic matter)          

& Dark matter

& Coincidence/Similarity:

 Accurate measurements of 
cosmic microwave background 

Cosmic Pie Chart:
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Baryon, Dark Matter

Accurate measurements of
cosmic microwave background
) Cosmic pie chart!
Focus of this talk: Baryon
(atomic matter) & dark matter

Observations:
Baryon abundance ⌦B ⇡ 4.6%: ‘Asymmetric’ abundance
from excess of baryon over anti-baryon,
⌘B = (nB � nB̄)/n� ⇠ 10�10

Dark matter abundance ⌦DM ⇡ 23%, little is known about its
microscopic features...
“Coincidence”, Similarity: ⌦DM ⇠ ⌦B,
possible connection?...



Dark matter
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• Dark matter: Stable, neutral,   

   Standard Model particles        New physics!? 

•  Origin of masses: Higgs mechanism, Planck-electroweak 
Hierarchy problem

          New physics at weak scale (          )        

       Paradigm: WIMP dark matter

                     (Weakly Interacting Massive Particle)

Well motivated candidates, experimentally detectable 

 Ex.: Neutralino LSP in SUSY
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Relic abundance of  WIMP DM
(general, independent of SUSY) 

• Thermal freezeout of  WIMP DM:

WIMP

SM
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Universe expands, cools
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WIMP Miracle
-- Crude quantitative success of WIMP DM in general

• A thermal WIMP    freezes out around                 , 

       Can readily fit                  , WIMP miracle!

Remarkable quantitative success, but NOT 
PRECISE: natural range up to             etc. 
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General Formulation-1: WIMP freeze-out
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— Last line manifests the dependence on model parameters in the
generic case of heavier scalar mediator, WIMP miracle prediction is
not PRECISE, rather a natural RANGE up to g�, m

med

etc.
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Baryons                    
Asymmetric abundance:     excess over    

        Baryogenesis: intricate, puzzling

• (Necessary) Sakharov conditions:           out of equilibrium

• Suppress “washout effect”: persistent     interactions     
during/after baryogenesis, threat to Baryogenesis efficiency!

• When? How? various mechanisms:

 GUT baryogenesis, leptogenesis, EW sphalerons... (typically               )

 RECAP:      ,         apparently from separate mechanisms, 
at separate scales...

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

For Keynote

/2 ⇠ TeV
Z2
X
��ET
�

ann

> H �
ann

< H ⌦
WIMP

⌦� ' 0.1
↵2

weak

/(TeV)2

h�
A

vi

' 0.1
✓

g
weak

g�

◆4
 

m4
med

m2
� · TeV

2

!
,

g�, m
med

⌦B ⇡ 4.6% B B̄

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

For Keynote

/2 ⇠ TeV
Z2
X
��ET
�

ann

> H �
ann

< H ⌦
WIMP

⌦� ' 0.1
↵2

weak

/(TeV)2

h�
A

vi

' 0.1
✓

g
weak

g�

◆4
 

m4
med

m2
� · TeV

2

!
,

g�, m
med

⌦B ⇡ 4.6% B B̄

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

Status of Existing Theories:
The three observations have long been addressed with
separate mechanisms, at separate scales.

⌦B ⇡ 4.6%: Baryogenesis
Sakharov condition: ��CP, ◆B, out-of-equilibrium condition
Typically at T & TEW (GUT BG, leptogenesis, EW sphalerons...)

⌦
DM

⇡ 23%: A conventional paradigm: “WIMP miracle”
(“WIMP”= Weakly Interacting Massive Particle)

Assume a new heavy particle � initially in thermal
equilibrium with ordinary matter via �� $ f f̄ (� > H)
As universe cools, interaction rate � cannot catch up with
Hubble expansion rate H, �� = f f̄ , � freezes out of
equilibrium when � ⇠ H

Thermal relic abundance: ⌦� ⇠ h�
ann

vi�1, �
ann

⇠ ↵2/m2

Remarkable miracle: ⌦� ⇠ ⌦DM with m� ⇠ (0.1 � 1) TeV
– Natural connection of dark matter–new cosmology–with
weak scale where we expect new particle physics!
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Baryon, Dark Matter

Accurate measurements of
cosmic microwave background
) Cosmic pie chart!

Focus of this talk: Baryon
(atomic matter) & dark matter

Observations:
Baryon abundance ⌦B ⇡ 4.6%: ‘Asymmetric’ abundance
from excess of baryon over anti-baryon,
⌘B = (nB � nB̄)/n� ⇠ 10�10

Dark matter abundance ⌦
DM

⇡ 23%, little is known about its
microscopic features...
“Coincidence”, Similarity: ⌦

DM

⇠ ⌦
B

,
possible connection?...
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General Formulation-2: Baryogenesis

Consider two species of WIMPs:
Stable WIMP DM �

DM

: previous ⌦� ⌘ ⌦
DM

, readily fits
observed 23%— well-known “WIMP miracle”
Meta-stable WIMP �B: ��CP,◆B decay at T

D

after freeze-out;
Y�B(Tf

) ⌘ Y ini

�B
, acts as the initial condition for later

baryogenesis
Assume well separated scales: 1 MeV ⇠ T

BBN

< T

D

< T

f

.
)
Treat freeze-out and baryogensis as decoupled processes,
retain conventional success of BBN.
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“Coincidence” or Connection?   
drawn more attention recently

   Paradigm: Asymmetric Dark Matter
      (Nussinov 1985; Kaplan 1992; Kaplan, Luty, Zurek 2009...)

• Dark matter is also asymmetric, 

Co-generation of dark & baryon asymmetry or asymmetry 
transfer 
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Baryon, Dark Matter

Accurate measurements of
cosmic microwave background
) Cosmic pie chart!
Focus of this talk: Baryon
(atomic matter) & dark matter

Observations:
Baryon abundance ⌦B ⇡ 4.6%: ‘Asymmetric’ abundance
from excess of baryon over anti-baryon,
⌘B = (nB � nB̄)/n� ⇠ 10�10

Dark matter abundance ⌦DM ⇡ 23%, little is known about its
microscopic features...
“Coincidence”, Similarity: ⌦DM ⇠ ⌦B,
possible connection?...



Summary: scorecard of existing paradigms

  

          : readily at right ballpark of observation,  yet NOT PRECISE 

              : can FIT observed value, but no typical ballpark prediction

WIMP Miracle DM

Baryogenesis

Asymmetric DM

?unified 
paradigm?
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⌦
DM

⇠ ⌦
B

: relatively overlooked until recently!
Paradigm: Asymmetric Dark Matter (ADM)

⌦
DM

is also “asymmetric” (DM vs. DM), connected to
baryon asymmetry (Kaplan 1982; Nussinov 1985; Kaplan,
Luty, Zurek 2009...);
Various mechanisms: via Co-generation or Transfer
(transfer by thermalization via higher-dim. operator, or
renormalizable mass mixing (Cui, Randall and Shuve,
arXiv:1106.4834, JHEP08(2011)73) )

Summary:
Conventional Baryognesis/WIMP DM miracle/ADM: addresses
only ONE aspect in ⌦B/⌦DM /(⌦B ⇠ ⌦DM), sacrificing
explanation for the other two
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The goal and challenge for getting
  

WIMP miracle +               in a natural way

A few attempts made, only very recently, 
but all have sensitivity to model detail 
(washout, long lifetime...), tuning

•  McDonald, Phys. Rev. D 83, 083509 (2011)

•  Cui, Randall and Shuve, JHEP1204, 075 (2012): novel baryogenesis 
triggered by WIMP DM annihilation around freeze-out time

• Davidson and Elmer,  JHEP1210, 148 (2012)
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A New Paradigm: 
Baryogenesis from WIMPs
(Phys.Rev.D, 87,11603 [arXiv:1212.2973], Cui and Sundrum)

      

•  An alternative mechanism, more robust connection to 
WIMP miracle, less sensitive to model detail

• Other related constraints checked           viability 

Novel Baryogenesis at low scale           

✦ Independent of its relation to DM (even if DM is not WIMP...)

✦ Related new physics signals accessible at LHC etc.

✦ Can be a remedy: Some beyond-the-Standard Model physics 
calls for low scale baryogenesis (later: e.g. RPV natural SUSY...)
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⌦
DM

⇠ ⌦
B

: relatively overlooked until recently!
Paradigm: Asymmetric Dark Matter (ADM)

⌦
DM

is also “asymmetric” (DM vs. DM), connected to
baryon asymmetry (Kaplan 1982; Nussinov 1985; Kaplan,
Luty, Zurek 2009...);
Various mechanisms: via Co-generation or Transfer
(transfer by thermalization via higher-dim. operator, or
renormalizable mass mixing (Cui, Randall and Shuve,
arXiv:1106.4834, JHEP08(2011)73) )

Summary:
Conventional Baryognesis/WIMP DM miracle/ADM: addresses
only ONE aspect in ⌦B/⌦DM /(⌦B ⇠ ⌦DM), sacrificing
explanation for the other two
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General Philosophy/Principle
• WIMP type new particles: ubiquitous in scenarios addressing 

Planck-electroweak Hierarchy Problem

• Most familiar, yet special case: 
stable WIMP as DM candidate

• More generic possibility:  An array of WIMPs, with 
diverse lifetimes - depending on symmetry protection, mass/
coupling hierarchy

Does Nature “mind” such diversity/complexity?    No!

Known physics: long lifetime of b-quark, muon(                   );   

hierarchical fermion Yukawa couplings(                          ) 

stable
(DM)

metastable,
long lifetime

decay 
promptly
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     Assume a stable WIMP         as DM;
In addition, a metastable WIMP      as baryon parent:     
   :         decay after thermal freezeout           Baryogenesis

• Cosmic evolution of the two WIMPs:
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We consider a meta-stable WIMP �B, in time order undergoes:
1 Thermal freeze-out: establishes a “would-be” relic

abundance (if no later decay), set by WIMP miracle
2 Later out-of equilibrium decay with ◆B,��CP: triggers

baryogenesis (all Sakharov conditions satisfied)

)
⌦B inherits “would-be” miracle abundance from WIMP
parent �B (up to ✏CP ,mB/m�B )

Thus for a WIMP DM �
DM

, ⌦B ⇠ ⌦
DM

(by O(1) adjustment of
different WIMP parameters)

— Robustness: insensitive to precise WIMP lifetime, washout
parameters (detail later...)
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We consider a meta-stable WIMP �B, in time order undergoes:
1 Thermal freeze-out: establishes a “would-be” relic

abundance (if no later decay), set by WIMP miracle
2 Later out-of equilibrium decay with ◆B,��CP: triggers

baryogenesis (all Sakharov conditions satisfied)

)
⌦B inherits “would-be” miracle abundance from WIMP
parent �B (up to ✏CP ,mB/m�B )

Thus for a WIMP DM �
DM

, ⌦B ⇠ ⌦
DM

(by O(1) adjustment of
different WIMP parameters)

— Robustness: insensitive to precise WIMP lifetime, washout
parameters (detail later...)
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Central Result:
Generalized WIMP Miracle

• Robustness: insensitive to precise long-lifetime    

• Caveat:  washout processes (         ) needs to be suppressed 
to avoid extra reduction on     ,        Easy to realize (later...) 

• Extra factor                          (large CPV at 1-loop:                 )                
compensation factor from                    to get                     , 

• Easy to accommodate by different masses/couplings 
associated with                   (      : a “weaker” WIMP)

Recall: WIMP miracle is a rough guideline!
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Ŝ ! ��, � ! ˜̄tt , ˜̄t ! didj ⌧�
D & tf ⇠ (1sec)

⇣
MeV

Tf

⌘2
& 1cm ��CP

(light t̃ , b̃)
mscalar � mgaugino(Higgsino) ⇠ TeV ⌦B

⌦DM
⇠ O(0.1)
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⌦B ⇡ 5%, ⌦DM ⇡ 27%, ⌦B ⇡ 5% ⌦� ⌘ ⌦DM ⇡ 27% m� ⇠
TeV⌧ B̃ ⇠ 102 � 103 1
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�udd ⇠ 10�4 � 10�3
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Ŝ ! ��, � ! ˜̄tt , ˜̄t ! didj ⌧�
D & tf ⇠ (1sec)

⇣
MeV

Tf

⌘2
& 1cm ��CP

(light t̃ , b̃)
mscalar � mgaugino(Higgsino) ⇠ TeV ⌦B

⌦DM
⇠ o(0.1)

Y�(Tf) =
neq
� (Tf)

s(Tf)
' 3.8

g1/2
⇤

g⇤s

m�

Tf

�
m�Mplh�Avi��1

,

(B ! B̄) (� ! u�⇤) ◆B H̃ut ! d̄i d̄j pp ! K+K+

⌦B ⇡ 5%, ⌦DM ⇡ 27%, ⌦B ⇡ 5% ⌦� ⌘ ⌦DM ⇡ 27% m� ⇠
TeV⌧ B̃ ⇠ 102 � 103 1

m2
SC

�udd ⇠ 10�4 � 10�3

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions
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⌦B ⇡ 4%, ⌦DM ⇡ 23%, ⌦B ⇡ 5% ⌦� ⌘ ⌦DM ⇡ 27% m� ⇠
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2 The Model

2.1 Baryogenesis from Metastable WIMP decay: A Review

We first briefly review the general setup of metastable WIMP triggered baryogenesis as proposed in [10].
The conventional “WIMP” refers to a stable weak scale particle with weak interactions with the SM fields,
which can be a good dark matter candidate according to the “WIMP miracle”. Nonetheless, just like the
known particles in the SM, in general a WIMP can have diverse lifetimes, depending on symmetry protection,
mediator mass and couplings associated with possible decay channels. In particular, a metastable WIMP �
may experience a thermal freezeout stage just like a WIMP dark matter, but then later decays. Such decay
can trigger baryogenesis if the process involves CP and B-(L-) violations. The freezeout of � occurs when
�
ann

⇠ H, where �
ann

is the annihilation rate, H is the Hubble expansion rate. Suppose there is no later
decay of � (i.e. the � lifetime ⌧ ! 1), as if it were a DM candidate, its “would-be” relic abundance is set by
its annihilation cross section:
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Apparently, with a weak scale h�
A

vi, ⌦⌧!1
� is in the right ballpark of the observed ⌦DM ⇡ 23%, which is the

well-known “WIMP miracle” for dark matter. The second line in eq.(1) manifests the dependence on model
parameters in the generic case of a heavier scalar mediator. We assume that at a later stage after the thermal
freezeout, � decays in a ��CP and ��B(◆L) way, which allows us to simply treat thermal freezeout and decay as
decoupled processes. The resultant baryon abundance is directly proportional to the abundance of � at the
end of its freezeout, or its “would-be” relic abundance ⌦⌧!1

� as given in eq.(1). The assumption that � decay
after its thermal annihilation freezes out of equilibrium and after the thermal bath temperature falls below �
mass automatically suppress ��B(◆L) washout processes such as inverse decay. With negligible washout e↵ect,
we obtain:

⌦
�B = ✏

CP

mp

m�B

⌦⌧!1
�B

· ⇣, (2)

where ✏CP is the CP asymmetry of the decay, typically suppressed by 1-loop factor or more if there is a heavy
mediator, while mp

m�
⇠ 10�3 � 10�2 for � of weak scale mass. The addition factor ⇣ = 1 for direct baryogenesis

occurring after electroweak phase transition. If � decays before the phase transition, ⇣ represents the sphaleron
distribution factor: ⇣ = 51/79 for direct baryogenesis, ⇣ = 28/79 for leptogenesis[22].

Now considering that ⌦
�B ⇡ 1

5

mp

m�
⌦DM and ✏CP

mp

m�
. 10�4, we find ⌦⌧!1

� � ⌦DM is necessary based on

eqs.(1,2). This tells us that the viable baryon parent should be a rather weakly coupled WIMP (compared to
a dark matter WIMP), with large “overabundance” in the limit where it is stable and may be considered as a
DM candidate. Notice that if the suppression only comes from 1-loop factor, the required overabundance can
be achieved by O(1) adjustment of couplings or mediator mass associated with the baryon parent WIMP, as
we can see from the second line in eq.(1) which manifests the power law dependence on model parameters in
a generic example.

We illustrate the key physics processes for this novel baryogenesis mechanism in Fig.(1).

2.2 Bino as the baryon parent: B̃ ! �B

Now we discuss how the split MSSM can fit into the above general paradigm for low scale baryogenesis. As
discussed in the Introduction, in the split MSSM with RPV a weak scale fermionic superpartner can naturally
have a long life-time due to the much heavier sfermion mediator in its RPV decay. The requirement of ��CP
and ��B(◆L) in the decay selects Majorana gauginos (rather than Dirac Higgsinos) as candidates for the WIMP

3



Outline 

• General formulation

• A minimal model, constraints/viability;

Embedding in    “natural SUSY”

• Embedding in RPV Mini-Split SUSY

• LHC Phenomenology: Displaced Vertex Search

• Outlook
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General Formulation

• A thermal WIMP     freezes out when

• Consider two species of WIMPs :

★ Stable WIMP DM         :   

★Metastable WIMP (baryon parent)

           ,                            initial condition for baryogenesis
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General Formulation-1: WIMP freeze-out
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— Last line manifests the dependence on model parameters in the
generic case of heavier scalar mediator, WIMP miracle prediction is
not PRECISE, rather a natural RANGE up to g�, m

med

etc.
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— Last line manifests the dependence on model parameters in the
generic case of heavier scalar mediator, WIMP miracle prediction is
not PRECISE, rather a natural RANGE up to g�, m

med

etc.
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(WIMP miracle)
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General Formulation-2: Baryogenesis

Consider two species of WIMPs:
Stable WIMP DM �

DM

: previous ⌦� ⌘ ⌦
DM

, readily fits
observed 23%— well-known “WIMP miracle”
Meta-stable WIMP �B: ��CP,◆B decay at T

D

after freeze-out;
Y�B(Tf

) ⌘ Y ini

�B
, acts as the initial condition for later

baryogenesis
Assume well separated scales: 1 MeV ⇠ T

BBN

< T

D

< T

f

.
)
Treat freeze-out and baryogensis as decoupled processes,
retain conventional success of BBN.

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

General Formulation-2: Baryogenesis

Consider two species of WIMPs:
Stable WIMP DM �

DM

: previous ⌦� ⌘ ⌦
DM

, readily fits
observed 23%— well-known “WIMP miracle”
Meta-stable WIMP �B: ��CP,◆B decay at T

D

after freeze-out;
Y�B(Tf

) ⌘ Y ini

�B
, acts as the initial condition for later

baryogenesis
Assume well separated scales: 1 MeV ⇠ T

BBN

< T

D

< T

f

.
)
Treat freeze-out and baryogensis as decoupled processes,
retain conventional success of BBN.

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

General Formulation-2: Baryogenesis

Consider two species of WIMPs:
Stable WIMP DM �

DM

: previous ⌦� ⌘ ⌦
DM

, readily fits
observed 23%— well-known “WIMP miracle”
Meta-stable WIMP �B: ��CP,◆B decay at T

D

after freeze-out;
Y�B(Tf

) ⌘ Y ini

�B
, acts as the initial condition for later

baryogenesis
Assume well separated scales: 1 MeV ⇠ T

BBN

< T

D

< T

f

.
)
Treat freeze-out and baryogensis as decoupled processes,
retain conventional success of BBN.

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

General Formulation-2: Baryogenesis

Consider two species of WIMPs:
Stable WIMP DM �

DM

: previous ⌦� ⌘ ⌦
DM

, readily fits
observed 23%— well-known “WIMP miracle”
Meta-stable WIMP �B: ��CP,◆B decay at T

D

after freeze-out;
Y�B(Tf

) ⌘ Y ini

�B
, acts as the initial condition for later

baryogenesis
Assume well separated scales: 1 MeV ⇠ T

BBN

< T

D

< T

f

.
)
Treat freeze-out and baryogensis as decoupled processes,
retain conventional success of BBN.

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! �⇤u (�⇤ ! dd)

✏CP ⌘ �(� ! �⇤u) � �(� ! �ū)
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Ŝ ! ��, � ! ˜̄tt , ˜̄t ! didj ⌧�
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Baryogenesis from
late decay of WIMP   

• Assume well separated scales: 

 Freeze-out and baryogensis as decoupled 
processes, retain conventional success of BBN 

• Solving Boltzmann equations, co-moving baryon 
density today:

• Weak washout:
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Solving Boltzmann equations, co-moving baryon density today:

YB(0) = ✏
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✏
CP

: CP asymmetry in �B decay, �
W

: the rate of ◆B washout
processes; Y ini

B : possible pre-existing B-asymmetry, which we first
assume to be 0. In case of weak washout, i.e. �

W

< H, the
exponential factor can be dropped:

YB(0) ' ✏
CP

Y�B (Tf

), ⌦B(0) = ✏
CP

mp

m�B

⌦⌧!1
�B

⌦⌧!1
�B

: would-be relic abundance of WIMP �B in the limit it is stable.
Observation: YB(0) ' 10�10,⌦B ' 4%
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Minimal Model: setup
We add to the Standard Model (SM) Lagrangian(   )(complex 
couplings)

•    di-quark scalar with same SM gauge charge as u-quark

•        SM singlet Majorana fermions. 
            

•          formal small parameter(small breaking of a                            )           

• Singlet scalar    : mediates WIMP annihilation

          Incorporate DM? +        singlet, interactions 
analogous to   , except for               
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Minimal Model: Setup

We add to the Standard Model (SM) Lagrangian:

�L = �ij�didj + "i�ūi�+ M2
��

2 + yi ūi�+ M2
  

2

+ ↵�2S + �|H|2S + M2
SS2 + h.c.

H: the SM Higgs; d , u: RH SM quarks, with family indices j = 1, 2, 3;
�: a di-quark scalar with same SM gauge charge as u; �, : SM
singlet Majorana fermions, and S is a singlet scalar. Complex
couplings.

� ⌘ �B, the WIMP parent for baryogenesis. "i ⌧ 1: formal small
parameters leading to long-lived �, can represent a naturally
small breaking of a �-parity symmetry under which only � is odd.

S mediates thermal annihilation of �� into SM states.

The first 3 terms of �L ) collective breaking of U(1)B.
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Minimal Model: Setup

We add to the Standard Model (SM) Lagrangian:

�L = �ij�didj + "i�ūi�+ M2
��

2 + yi ūi�+ M2
  

2

+ ↵�2S + �|H|2S + M2
SS2 + h.c.

H: the SM Higgs; d , u: RH SM quarks, with family indices j = 1, 2, 3;
�: a di-quark scalar with same SM gauge charge as u; �, : SM
singlet Majorana fermions, and S is a singlet scalar. Complex
couplings.

� ⌘ �B, the WIMP parent for baryogenesis. "i ⌧ 1: formal small
parameters leading to long-lived �, can represent a naturally
small breaking of a �-parity symmetry under which only � is odd.

S mediates thermal annihilation of �� into SM states.

The first 3 terms of �L ) collective breaking of U(1)B.
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Minimal Model: Constraints

Incorporate WIMP dark matter:
Straightfoward to introduce singlet �

DM

with analogous
interactions to �, except with "

DM

= 0 (coupling of �DMū�)
enforced by an exact �

DM

-parity.

Constraints on the minimal model: (start with generic flavor
structure, drop family indices for now)

Lifetime of �:

Decay rate �
D

' "2m�

8⇡ , requirement T
BBN

< T
D

< T
f

)
10�13 . " . 10�8, with m� ⇠ 1TeV.
Washout constraints: focus on processes involving  ; there
are analogous diagrams with  ! �, but they give much
looser constraints since " ⌧ y ⇠ O(1). (recall: "�ū�, y ū�)
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Minimal Model: Baryogenesis

• Out-of-equilibrium decay                              with

•  CP asymmetry:                                            from   

  interference between tree-level and    mediated loop 

diagrams:

Compute       (close analogy to leptogenesis), e.g. for 

 

      To maximize CP asymmetry:
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� ! �⇤u (�⇤ ! dd)

✏
CP

⌘ �(� ! �⇤u) � �(� ! �ū)
�(� ! �⇤u) + �(� ! �ū)
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Baryogenesis:
Out-of-equilibrium decay � ! �⇤ui , followed by the prompt
decay � ! dd with �B = 1, ✏

CP

6= 0
CP asymmetry ✏

CP

comes from the  -mediated
interference between tree-level decay and loop diagrams:

Compute ✏
CP

(in close analogy to leptogenesis), e.g. in
case of M > M�:

✏
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� ! �⇤u (�⇤ ! dd)

✏
CP

⌘ �(� ! �⇤u) � �(� ! �ū)
�(� ! �⇤u) + �(� ! �ū)
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"i ⌧ yi ⇠ 1

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! �⇤u (�⇤ ! dd)

✏
CP

⌘ �(� ! �⇤u) � �(� ! �ū)
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Minimal Model: Constraints

• Lifetime of     : recall ansatz 
         wide range

• Weak washout requirement:
 “Washout” :     interactions (          ), can erase part or all baryon 
asymmetry during or after baryogenesis 

Consider washout processes in timeline：
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Minimal Model: Constraints

Incorporate WIMP dark matter:
Straightfoward to introduce singlet �

DM

with analogous
interactions to �, except with "

DM

= 0 (coupling of �DMū�)
enforced by an exact �

DM

-parity.

Constraints on the minimal model: (start with generic flavor
structure, drop family indices for now)

Lifetime of �:

Decay rate �
D
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8⇡ , requirement T
BBN
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10�13 . " . 10�8, with m� ⇠ 1TeV.
Washout constraints: focus on processes involving  ; there
are analogous diagrams with  ! �, but they give much
looser constraints since " ⌧ y ⇠ O(1). (recall: "�ū�, y ū�)
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• Before QCD phase transition: quarks     inverse decay/
scatterings     (Boltzmann/power law suppression)

• After QCD PT, before BBN:  free neutron, proton;

           oscillation

• After BBN:  bound-state neutron, proton;

           oscillation

20
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(C) �B = 2 3 ! 3 scattering udd ! ūd̄ d̄ via
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Early time washout: at T > ⇤QCD
In this epoch �W /H decreases with T . For each early
washout process X , we define T X
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For Keynote
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After QCD phase transition: n, p become new effective
degrees of freedom, typical washout process: n � n̄ oscillation.
Transition probability:

Pn!n̄(t) =
4�m2

�E2 + 4�m2 sin2(

p
�E2 + 4�m2

2
· t)

�m: ◆B Majorana mass. The splitting �E ⌘ En � En̄: 0 in vacuum or
n, n̄–symmetric medium, e.g. thermal bath at T � TBBN ; �E � �m
may occur in an asymmetric medium, e.g. the thermal bath at
T & TBBN (nucleus environment), strongly suppresses Pn!n̄ by ( �m

�E )
2.

In a medium with a characteristic time scale ⌧ , the washout rate:

�n!n̄
W ' Pn!n̄(⌧)/⌧.

Intermediate-time washout: TBBN . T . ⇤QCD

n scatters off the thermal bath, H�1 > ⌧ ⇠ the mean free path
of n. �E and ⌧ : time-varying functions in this period. To
simplify: consider the most “dangerous” limit: �E ! 0,
⌧ ! H�1 which maximizes washout; �n!n̄,intm

W ' (�m)2H�1.
Require �n!n̄,intm

W < H ) �m . 10�25
GeV.
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After QCD phase transition: n, p become new effective
degrees of freedom, typical washout process: n � n̄ oscillation.
Transition probability:

Pn!n̄(t) =
4�m2

�E2 + 4�m2 sin2(

p
�E2 + 4�m2

2
· t)

�m: ◆B Majorana mass. The splitting �E ⌘ En � En̄: 0 in vacuum or
n, n̄–symmetric medium, e.g. thermal bath at T � TBBN ; �E � �m
may occur in an asymmetric medium, e.g. the thermal bath at
T & TBBN (nucleus environment), strongly suppresses Pn!n̄ by ( �m

�E )
2.

In a medium with a characteristic time scale ⌧ , the washout rate:

�n!n̄
W ' Pn!n̄(⌧)/⌧.

Intermediate-time washout: TBBN . T . ⇤QCD

n scatters off the thermal bath, H�1 > ⌧ ⇠ the mean free path
of n. �E and ⌧ : time-varying functions in this period. To
simplify: consider the most “dangerous” limit: �E ! 0,
⌧ ! H�1 which maximizes washout; �n!n̄,intm

W ' (�m)2H�1.
Require �n!n̄,intm

W < H ) �m . 10�25
GeV.
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ū d̄
⌦B = ✏

CP

mp
m�B

⌦⌧!1
�B

⌦B = ✏
CP

mp
m�B

⌦⌧!1
�B

B ! B̄ ◆B
ye ⇡ 10�6 ⌧ yt ⇡ 1 ⌦� ⌘ ⌦

DM

⇡ 23% ⇠ ⌦
DM

�� ! SM

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

After QCD phase transition: n, p become new effective
degrees of freedom, typical washout process: n � n̄ oscillation.
Transition probability:

Pn!n̄(t) =
4�m2

�E2 + 4�m2 sin2(

p
�E2 + 4�m2

2
· t)

�m: ◆B Majorana mass. The splitting �E ⌘ En � En̄: 0 in vacuum or
n, n̄–symmetric medium, e.g. thermal bath at T � TBBN ; �E � �m
may occur in an asymmetric medium, e.g. the thermal bath at
T & TBBN (nucleus environment), strongly suppresses Pn!n̄ by ( �m

�E )
2.

In a medium with a characteristic time scale ⌧ , the washout rate:

�n!n̄
W ' Pn!n̄(⌧)/⌧.

Intermediate-time washout: TBBN . T . ⇤QCD

n scatters off the thermal bath, H�1 > ⌧ ⇠ the mean free path
of n. �E and ⌧ : time-varying functions in this period. To
simplify: consider the most “dangerous” limit: �E ! 0,
⌧ ! H�1 which maximizes washout; �n!n̄,intm

W ' (�m)2H�1.
Require �n!n̄,intm

W < H ) �m . 10�25
GeV.
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n, n̄–symmetric medium, e.g. thermal bath at T � TBBN ; �E � �m
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T & TBBN (nucleus environment), strongly suppresses Pn!n̄ by ( �m
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W ' Pn!n̄(⌧)/⌧.

Intermediate-time washout: TBBN . T . ⇤QCD

n scatters off the thermal bath, H�1 > ⌧ ⇠ the mean free path
of n. �E and ⌧ : time-varying functions in this period. To
simplify: consider the most “dangerous” limit: �E ! 0,
⌧ ! H�1 which maximizes washout; �n!n̄,intm

W ' (�m)2H�1.
Require �n!n̄,intm

W < H ) �m . 10�25
GeV.



Current-day precision tests

•           oscillation reactor experiments      

• Flavor changing neutral currents:
    

• Neutron electric dipole moment (nEDM)
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Flavor changing neutral currents (FCNC) : e.g. D0 � D̄0

mixing ) y1y2 . 10�2 with TeV masses
Neutron electric dipole moment (nEDM):

If large ✏CP for baryogenesis
comes from an O(1) phase in
m , yi ⇠ O(1): in the minimal
model new couplings only
involve RH ui , contribution
vanishes at 2-loop (y · y⇤ real)
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Alternative option: large ✏CP from m�, "i . 10�8 ) EDM
suppressed by ⇠ "2

16⇡2 . 10�18
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Late-time Washout: T < TBBN
Now n is bound in the nucleus, ⌧ ⇠ nuclear time scale
⌧nuc ⇠ (1GeV)�1. �E ⇠ 100 MeV in nucleus. Thus in this era
Pn!n̄ ⇡ �m2

�E2 , �n!n̄,late

W ⇠ �m2

(�E)2 /⌧nuc . Require �n!n̄,late

W < H0 )
�m . 10�22

GeV.

Current day precision tests:
n � n̄ oscillation reactor experiments)
�m  6 ⇥ 10�33

GeV ⇡ (10

8

sec)�1, stronger than the
washout constraints above. Convert to constraints on �ij?
Notice in this minimal model �ij for �didj have to be
anti-symmetric in i , j ) uddudd operator generating �m
highly suppressed (flavor-changing W -loop, fermion mass
insertion...))�ij are not effectively constrained by n � n̄
oscillation. Stronger constraint from pp ! K+K+ decay
)�12 . 10�7 for m�, m ⇠ 1 TeV, yi ⇠ 1.
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Summary/Implications 
of the constraints

• Assume all new fields have weak scale masses, 

Precision constraints         New couplings involving first two 
generation quarks (e.g.                  (i,j=1,2)) need to be 
suppressed

• Simple, natural Solution: Third-generation dominated 
pattern, new fields couple mostly to b, t (just like Higgs!), with 
“CKM-like mixing”suppressions to light quarks
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Late-time Washout: T < TBBN
Now n is bound in the nucleus, ⌧ ⇠ nuclear time scale
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Current day precision tests:
n � n̄ oscillation reactor experiments)
�m  6 ⇥ 10�33

GeV ⇡ (10

8

sec)�1, stronger than the
washout constraints above. Convert to constraints on �ij?
Notice in this minimal model �ij for �didj have to be
anti-symmetric in i , j ) uddudd operator generating �m
highly suppressed (flavor-changing W -loop, fermion mass
insertion...))�ij are not effectively constrained by n � n̄
oscillation. Stronger constraint from pp ! K+K+ decay
)�12 . 10�7 for m�, m ⇠ 1 TeV, yi ⇠ 1.



Meeting Particle Physics Frontier: 
Embedding in SUSY

• Our framework:  generic mechanism of baryogenesis,

intriguing, neater to embed in existing theories related to 
Higgs mechanism, Planck-weak hierarchy problem, e.g. SUSY!

• Status of Supersymmetry: 

✦ Conventional low scale SUSY- tension with LHC data:
125 GeV higgs mass, exclusion:                           fine-tuning

✦ Continue to be attractive:  new spacetime symmetry, 
improve gauge coupling unification, solve the original 
severe Planck-weak hierarchy problem, LSP WIMP DM 
(RPC),                      still close to SUSY prediction...

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

Brief Review about Supersymmetry

Supersymmetry: A symmetry relating bosons to fermions,
One most popular solution for Planck-electroweak hierarchy
problem, stabilize radiative correction to Higgs mass

Current Status of SUSY:

‘Bad’ news for conventional low scale SUSY from LHC:
Observed “Higgs” mass at 125 GeV )
mt̃ & O(TeV ) � mZ or ad-hoc large At ; Current exclusion
limit mq̃1

, mg̃ &1 TeV ) electroweak scale fine-tuned, Little
hierarchy problem
(Persisting) Appeals of SUSY: mh ⇡125 GeV still intriguingly
close to SUSY prediction although struggles within low scale
SUSY, neat cancellation of quadratic divergence, improve GUT,
LSP as WIMP DM candidate (R-parity conserving)
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✦ Currently favored SUSY models:
• Preserve Naturalness:  “Natural SUSY”               and/or R-

parity violating (RPV) SUSY (Barbieri, Giudice; Cohen, Kaplan, Nelson; 
Brust, Katz, Lawrence, Sundrum; Graham,Kaplan,Rajendran, Saraswat...)

• Give up Full Naturalness, anthropic (string theory landscape ): 

(mini-) Split SUSY(                                             )
 (Arkani-Hamed, Dimopoulos; Wells; Yanagida; Arvanitaki, Craig, Dimopoulos, 
Villadoro; Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski; Hall, Nomura, Shirai...)

Attractions: Generically realized in gravity-mediated                  
models, easily fit 125 GeV Higgs mass, satisfy flavor constraints 
generically...

     Natural ``incarnation'' of our paradigm in these   
viable SUSY models?

✦ SUSY      Cosmology: RPC SUSY          LSP DM (well known); 

CPV + RPV SUSY + late-decayed particle         Baryogenesis???
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Natural SUSY

Embed in ��B Natural SUSY (arXiv:1212.2973)

– Direct “blueprint”: our minimal model as presented earlier
Promote singlets �, S to chiral superfields, add to the
MSSM. Relevant superpotential terms:

W � �ijTDiDj + "0�HuHd + ytQHuT ++µ��
2

+ µHuHd + µSS2 + ↵�2S + �SHuHd .

Assume ⇠⇠⇠⇠SUSY pattern: scalar component of � and q̃1,2
are heavy, decoupled at low energy)as in “natural SUSY”.
Diquark � ! light t̃R in superfield T , Majorana  !
gaugino. 1st line of super potential ensures ◆B and ��CP �
decay, µ-terms ) fermion masses + S � Hu mixing, the
last two trilinear terms involving S ) WIMP annihilation of
�.
"0: a reflection of the small parameter " in our minimal
model, enabling late decay � ! ˜̄tt via �� H̃u mixing.
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Embedding in Natural SUSY: Model 
Our minimal model: direct “blueprint”

• Promote singlets         to chiral superfields, add to the 
MSSM.      superpotential:

• Assume           pattern: scalar     and       heavy, decoupled,

as in “natural SUSY” 

• Mapping:  (minimal model         SUSY model)       
• Diquark             light       in superfield   

• Baryon parent singlet           fermion singlet 

• Majorana              MSSM gaugino   

• Singlet scalar            singlet   , mixes with     ,, enables    annihilation

• Small parameter               , enables late decay           via          mixing         
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Assume ⇠⇠⇠⇠SUSY pattern: scalar component of � and q̃1,2
are heavy, decoupled at low energy)as in “natural SUSY”.
Diquark � ! light t̃R in superfield T , Majorana  !
gaugino. 1st line of super potential ensures ◆B and ��CP �
decay, µ-terms ) fermion masses + S � Hu mixing, the
last two trilinear terms involving S ) WIMP annihilation of
�.
"0: a reflection of the small parameter " in our minimal
model, enabling late decay � ! ˜̄tt via �� H̃u mixing.
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Diquark � ! light t̃R in superfield T , Majorana  !
gaugino. 1st line of super potential ensures ◆B and ��CP �
decay, µ-terms ) fermion masses + S � Hu mixing, the
last two trilinear terms involving S ) WIMP annihilation of
�.
"0: a reflection of the small parameter " in our minimal
model, enabling late decay � ! ˜̄tt via �� H̃u mixing.
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Embedding in Natural SUSY:
 Also a remedy!

Potential cosmological crisis of     natural SUSY:
•  An intriguing, less studied/less constrained regime of natural 

SUSY for collider search: light    with    prompt decay                     

• Cosmological problem: 

Assume conventional baryogenesis at                     pre-existing     , 
can be efficiently erased by    scattering e.g.               with                !                    

 Estimate of washout: exponential reduction!

• Our model in Natural SUSY: Baryogenesis below weak 
scale when all washout effects decouple                                         
A robust cure to this problem!
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Embedding in Mini-Split SUSY
(Cui, JHEP 1312 (2013) 067(arxiv:1309.2952))

• Conventional motivation for mini-split SUSY (as 
discussed): solve Planck/weak hierarchy problem, improve GUT, flavor 
physics, LHC data, anthropic...

• Motivation from Baryogenesis: 

Minimal model (MSSM)+RPV works!       Mini-split scale   

 Sakharov#1: out-of equilibrium       

Recall natural SUSY model: 

Late decay                                     , technically natural,     -parity

In split SUSY+RPV: Natural long life-time of  TeV gauginos

Split spectrum 

Late decay automatic! e.g.              (heavy mediator, 3-body...)
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★ Sakharov #2,#3 (CP-, B/L-violation)                                          
                                        Large       phase (e.g. 
Majorana gaugino masses), large         RPV couplings: much 
safer to exploit      

★WIMP parent     for baryons with “would-be” over-
abundance     :   Bino    !  (not desirable if it is DM in RPC 
SUSY...)

★Nanopoulos-Weinberg Theorem for Baryogenesis:  

  additional     source in the interference loop         
Another Majorana fermion in MSSM?         ,     !

28

Embedding in Mini-Split SUSY

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

For Keynote

/2 ⇠ TeV Z2 X
��ET �ann > H �ann < H ⌦WIMP

⌦� ' 0.1
↵2

weak/(TeV)2

h�Avi

' 0.1
✓

gweak

g�

◆4
 

m4
med

m2
� · TeV2

!
,

g�, mmed ⌦B ⇡ 4.6% B B̄ ⌦DM ⇠ ⌦B
OB�LOX : UDDX LX µB ⇠ µDM X T . TEW mW � mb, mµ u d
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Minimal model (MSSM+RPV) gives everything needed 
for baryogenesis!



Embedding in Mini-Split SUSY

• Relevant Lagrangian terms:

• Sources of      :  

• Gaugino masses: 

• Sfermion mass matrices:                -- large       possible, 
only with large flavor violation. May be allowed in split-
SUSY... (Hall, Nomura, Shirai, 2012)
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Figure 1: Illustration of the cosmic evolution of WIMP baryon parent �. Dashed double arrow indicates the
arrow of time, along which the temperature drops.

� as baryon parent. Furthermore, as reviewed earlier in this section, a would-be overabundance of � is neces-
sary for obtaining su�cient ⌦

�B as observed. Obviously, within the MSSM bino is the only viable candidate
satisfying all the above conditions. As we will discuss in detail later, the major annihilation channel in pure
bino limit is B̃B̃ ! HH with cross section h�

A

v(B̃)i / µ�2. Therefore µ � mW is crucial to generate a large
“overabundance” to compensate ✏CP

mp

m�
.

Now we write down the MSSM Lagrangian terms that are potentially relevant for the baryogenesis mech-
anism considered here. Although not a viable baryon parent, wino or gluino is crucial for generating CP
asymmetry in bino decay via interference diagram as we will discuss in Section.2.3. So we include the terms
involving them as well. We also include both ◆L and ��B trilinear RPV interactions, although in order to satisfy
bound on proton lifetime either ◆L or ��B needs to be absent or suppressed in a realistic model. The relevant
Lagrangian terms are as follows:
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2
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g̃g̃ � f̃⇤L/R,↵
i (m2

L/R,↵)
ij

f̃L/R,↵
j + h.c., (5)

where i, j are family indices, ↵ labels a species with certain gauge charges (such as u, L type), L/R indicates
left-handed or right-handed. CP violation can come from complex phases in Mi and (m2

L/R,↵)
ij
. Notice

that although gaugino interactions are originally flavor diagonal in gauge basis, in case of split SUSY, flavor
mixings from sfermion mass matrix (m2

L/R,↵)
ij

can generally be O(1) with large CP phases, without violating

experimental constraints. Therefore here the flavor violating gaugino couplings can be as sizable as flavor
conserving ones. We will include this general e↵ect in our later discussion.

4
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CP Asymmetry in     Decay

• Nanopoulos-Weinberg Theorem +       (regardless of 
flavor structure)          Majorana    or    appears in the the 
loop diagram that interferes with tree-level     decay 
(lighter than bino to allow kinematic cut, later...)

•  Color charge, chirality of couplings: 

     only couples to    operators: 

     only couples to 

•    Consider two example models:

✤ Direct baryogenesis with light    (          ) with   

✤ Leptogenesis with light     (                 ) with   
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Ŝ ! ��, � ! ˜̄tt , ˜̄t ! didj ⌧�
D & tf ⇠ (1sec)

⇣
MeV

Tf

⌘2
& 1cm ��CP

(light t̃ , b̃)
mscalar � mgaugino(Higgsino) ⇠ TeV ⌦B

⌦DM
⇠ o(0.1)

Y�(Tf) =
neq
� (Tf)

s(Tf)
' 3.8

g1/2
⇤

g⇤s

m�

Tf

�
m�Mplh�Avi��1

,

(B ! B̄) (� ! u�⇤) ◆B H̃ut ! d̄i d̄j pp ! K+K+
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B̃ ! B! (µ > mscalar � mgaugino)
⇠ 10% for yi ⇠ O(1)
mgaugino ⌧ mscalar
✏CP ⇠ 1 � 10% ✏�t t̃⇤ � ! t t̃⇤ 10�13 . ✏ . 10�8 + RPV
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2.3 CP Asymmetry in Bino decay

In analogy to conventional baryogenesis via late decay, a non-vanishing ✏CP requires the interference between
tree-level decay of B̃ and a loop process, which should involve a physical CP phase in couplings as well as a
kinematic cut[14]. Leading 1-loop diagram requires another Majorana fermion with ��CP and ��B(◆L) couplings
in order to ensure a physical CP phase, as well as to meet the requirement from the Nanopolous-Weinberg
theorem for baryogenesis[11]2. Within the content of MSSM, we do have such candidates: wino or gluino. Any
individual Mi (i=1,2,3) can carry a complex phase, but may be rotated away. As we will elaborate later, the
co-appearance of a pair of them such as having both B̃ and W̃ (g̃) in the loop diagram is crucial to secure a
physical CP phase, even in the case that SUSY breaking is flavor universal such that m2

L/R,↵ are proportional
to real identity matrices. In split SUSY, experimental constraints on flavor violation are much looser due to the
heavy scalar masses. Therefore m2

L/R,↵ can provide a sizable source of physical CP phase in addition to that

from Mi. Meanwhile, as a result of color charge and the chirality structure of couplings, W̃ can only directly
couple to ◆L operators LLē, LQd̄, while g̃ couples to LQd̄ or ūd̄d̄. Furthermore, as will be shown explicitly,
kinematic cuts are possible only when M

1

> M
2

or M
1

> M
3

. In the following, we focus on analyzing
two typical cases: direct baryogenesis with light gluino (M

1

> M
3

) by ūd̄d̄ coupling; leptogenesis with light
wino (M

3

> M
1

> M
2

) by LQd̄ coupling. The spectrum of the former case optimizes the amount of baryon
asymmetry and viable parameter space as we will see, while the latter case is well motivated by conventional
anomaly mediation models and optimizes the opportunity of bino search at hadron colliders by allowing its
production from gluino cascade decays. Notice that for the leptogenesis model with LQd̄ coupling, we may
also consider the spectrum with a light gluino (M

1

> M
3

) which would increase the amount of asymmetry due
to the contribution from gluino loop which contains strong couplings.

2.3.1 Baryogenesis with light gluino

We start with a direct baryogenesis model enabled by the ūd̄d̄ type of RPV operator. The ��B tree-level decay
is shown in Fig.2(a). We then consider loop diagrams that may lead to a CP asymmetry by interference with
the tree-level process. The lowest order candidate loop diagrams are shown in Fig.(3). Dotted lines show the
position of the kinematic cut. Apparently mg̃ < m

˜B is necessary to enable the cut. B̃ couplings can be complex
by absorbing the phase � in M

1

. The product of the couplings from the interference between tree-level and
loop graph as in Fig.3(a) is real after summing over generations. Under the conventional assumption of flavor
universal SUSY breaking, product of couplings from interference with diagram Fig.3(b) is also real since the B̃
couplings originate from gauge couplings. However, as mentioned earlier, with split spectrum, the flavor mixing
and associated phases in squark mass matrices can be large without being in conflict with experimental limits.
If this is the case, diagram Fig.3(b) may have a non-zero imaginary part. The analogy of these two diagrams
were considered in an earlier work [13] where they introduced two new singlet Majorana fields with general
Yukawa couplings to di↵erent flavor combinations, and concluded that the SUSY embedding of their model
did not work. Finally and most importantly, the diagram shown in Fig.3(c), which is not included in [13], pro-
vides a non-vanishing CP phase even in the absence of flavor mixing and CP violation in squark mass matrices.

Now we first examine the possible decay channels of B̃ before computing the CP asymmetry. Due to the
uncertainties in the flavor structure of squark mass matrices, and for simplicity, in this section and onwards
we will present formulae assuming flavor diagonal couplings of gauginos and focus on the contribution from
Fig.3(c). We also make the simplest assumption that RPV couplings �

00

ijk takes a universal value of �
00
. It is

straightforward to generalize them to involve other flavor patterns in the gaugino couplings and RPV couplings.

2
There can be other diagrams without including another Majorana fermion such as in [12], where RPV coupling and a ��CP

and RPV A-term appear at the loop vertices. The asymmetry from the diagrams in [12] thus is very sensitive to the size of RPV

couplings and the size of RPV A-terms. More importantly, in the split SUSY case, the asymmetry there is highly suppressed as

a result of having two heavy scalar propagators in the loop.
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Model-1: Baryogenesis with light gluino

• Tree-level decays:
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Figure 2: Tree-level decays of B̃ in the direct baryogenesis model. (a): ��B decay that triggers baryogenesis;
(b): B-conserving decay.
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Figure 3: ��B loop diagrams in the direct baryogenesis model. (a): does not lead to a CP asymmetry in ��B
B̃ decay. (b): contributes to CP asymmetry when the flavor and CP violation in squark mass matrices are
sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.
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The tree level decay rate of B̃ ! udd + ūd̄d̄ via diagram in Fig.2(a) is3:

�
˜B,⇢B =

(
p

2�00Ydg1)2

512⇡3

m5

˜B

m4

0

. (6)

Notice that the above result is for one flavor combination of udd operator and d̃ mediator. When computing
the total decay width under our simplified assumption of flavor universal RPV couplings, a combinatorial
factor of 18 needs to be included. There are analogous diagrams with ũ mediator, which we do not include
here just for simplicity when demonstrating the working principle. The simplification can also be justified if
ũ is moderately heavier than d̃ so that the contribution from diagrams with ũ are subleading. Due to the
condition mg̃ < m

˜B , another B-conserving decay channel is allowed as well: B̃ ! dd̄g̃, as shown in Fig.2(b).
Here and in the later asymmetry calculation we assume m

˜B and mg̃ are well separated, so there is no extra
kinematic suppression on the decay rate:

�
˜B!d ¯dg̃ =

(Ydg1g3)2

1024⇡3

m5

˜B

m4

0

(7)

In order to avoid additional branching ratio suppression on ✏CP , we need the B-violating channel to be
dominant over or comparable to the B-conserving one. Due to the larger multiplicity factor, this can be easily
realized with �00 & O(0.1).

Now we move on to compute the ✏CP from the interference with diagram Fig.3(c):

��
˜B,⇢B ⌘ �

˜B!udd � �
˜B!ū ¯d ¯d =

Im
⇥
(
p

2Ydg1g3�00)2ei�
⇤
C

2

10240⇡4

m7

˜B

m6

0

(8)

✏CP ⌘
��

˜B,⇢B
�

˜B

=
g2
3

Im[ei�]C
2

20⇡

m2

˜B

m2

0

, (9)

where C
2

= 4

3

is the quadratic Casimir from g̃ vertices. The 2nd line in eq.(9) assumes �
˜B ⇡ �

˜B,⇢B . When
exploring parameter space in later numerical study we include the contribution to the total width from other
decay channel (eq.(7)). As can be seen from eq.(9), there is an additional mass suppression factor in addition
to 1-loop factor. To give a quick numerical sense: with O(1) CP phase in M

1

, and m
˜B ⇠ TeV, m

0

⇠ 100 TeV,
we find ✏CP ⇠ 10�6. The asymmetry given in eq.(9) only includes the contribution from Fig.3(c) assuming
flavor diagonal bino couplings. With possible flavor and CP violations in squark mass matrices included, it is
reasonable to expect the asymmetry gets enhanced by a factor of 2 or more numerically.

2.3.2 Leptogenesis with light wino

In analogy to the direct baryogenesis model, for the leptogenesis model we focus on tree-level B̃ decay as shown
in Fig.4(a) and its interference with the loop diagram shown in Fig.5(a) which gives rise to a CP asymmetry.
The interference with Fig.5(b) can give comparable additional asymmetry with sizable flavor and CP violation
in slepton mass matrices. The tree level decay rate of B̃ ! LQd̄ + L̄Q̄d via the diagram in Fig.4(a) is:

�
˜B,�L

=
(
p

2�0YLg
1

)2

512⇡3

m5

˜B

m4

0

. (10)

Again the above result is for one flavor combination of LQd̄, and focuses on L̃ mediator for simplicity. When
computing the total decay width, under our simplified assumption of flavor universal RPV couplings, a factor
of 27 needs to be included to account for the flavor multiplicity. Due to the condition m

˜W < m
˜B , two other

3
As we will require Td < M1 to suppress washout, the thermal decay rate can be well approximated by the decay rate in

vacuum since the dilation factor is negligible at Td < M1.
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(baryogenesis):

B-conserving decay
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decay channel (eq.(7)). As can be seen from eq.(9), there is an additional mass suppression factor in addition
to 1-loop factor. To give a quick numerical sense: with O(1) CP phase in M

1

, and m
˜B ⇠ TeV, m

0

⇠ 100 TeV,
we find ✏CP ⇠ 10�6. The asymmetry given in eq.(9) only includes the contribution from Fig.3(c) assuming
flavor diagonal bino couplings. With possible flavor and CP violations in squark mass matrices included, it is
reasonable to expect the asymmetry gets enhanced by a factor of 2 or more numerically.

2.3.2 Leptogenesis with light wino

In analogy to the direct baryogenesis model, for the leptogenesis model we focus on tree-level B̃ decay as shown
in Fig.4(a) and its interference with the loop diagram shown in Fig.5(a) which gives rise to a CP asymmetry.
The interference with Fig.5(b) can give comparable additional asymmetry with sizable flavor and CP violation
in slepton mass matrices. The tree level decay rate of B̃ ! LQd̄ + L̄Q̄d via the diagram in Fig.4(a) is:
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Again the above result is for one flavor combination of LQd̄, and focuses on L̃ mediator for simplicity. When
computing the total decay width, under our simplified assumption of flavor universal RPV couplings, a factor
of 27 needs to be included to account for the flavor multiplicity. Due to the condition m

˜W < m
˜B , two other

3
As we will require Td < M1 to suppress washout, the thermal decay rate can be well approximated by the decay rate in

vacuum since the dilation factor is negligible at Td < M1.
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Model-1: Baryogenesis with light gluino

• Interference loops:
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Figure 2: Tree-level decays of B̃ in the direct baryogenesis model. (a): ��B decay that triggers baryogenesis;
(b): B-conserving decay.
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Figure 3: ��B loop diagrams in the direct baryogenesis model. (a): does not lead to a CP asymmetry in ��B
B̃ decay. (b): contributes to CP asymmetry when the flavor and CP violation in squark mass matrices are
sizable. (c): produces a CP asymmetry by interfering with Fig.2(a) even in absence of flavor and CP violation
in squark mass matrices.
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The tree level decay rate of B̃ ! udd + ūd̄d̄ via diagram in Fig.2(a) is3:

�
˜B,⇢B =

(
p

2�00Ydg1)2

512⇡3

m5

˜B

m4

0

. (6)

Notice that the above result is for one flavor combination of udd operator and d̃ mediator. When computing
the total decay width under our simplified assumption of flavor universal RPV couplings, a combinatorial
factor of 18 needs to be included. There are analogous diagrams with ũ mediator, which we do not include
here just for simplicity when demonstrating the working principle. The simplification can also be justified if
ũ is moderately heavier than d̃ so that the contribution from diagrams with ũ are subleading. Due to the
condition mg̃ < m

˜B , another B-conserving decay channel is allowed as well: B̃ ! dd̄g̃, as shown in Fig.2(b).
Here and in the later asymmetry calculation we assume m

˜B and mg̃ are well separated, so there is no extra
kinematic suppression on the decay rate:

�
˜B!d ¯dg̃ =

(Ydg1g3)2

1024⇡3

m5

˜B

m4

0

(7)

In order to avoid additional branching ratio suppression on ✏CP , we need the B-violating channel to be
dominant over or comparable to the B-conserving one. Due to the larger multiplicity factor, this can be easily
realized with �00 & O(0.1).

Now we move on to compute the ✏CP from the interference with diagram Fig.3(c):
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where C
2

= 4

3

is the quadratic Casimir from g̃ vertices. The 2nd line in eq.(9) assumes �
˜B ⇡ �

˜B,⇢B . When
exploring parameter space in later numerical study we include the contribution to the total width from other
decay channel (eq.(7)). As can be seen from eq.(9), there is an additional mass suppression factor in addition
to 1-loop factor. To give a quick numerical sense: with O(1) CP phase in M

1

, and m
˜B ⇠ TeV, m

0

⇠ 100 TeV,
we find ✏CP ⇠ 10�6. The asymmetry given in eq.(9) only includes the contribution from Fig.3(c) assuming
flavor diagonal bino couplings. With possible flavor and CP violations in squark mass matrices included, it is
reasonable to expect the asymmetry gets enhanced by a factor of 2 or more numerically.

2.3.2 Leptogenesis with light wino

In analogy to the direct baryogenesis model, for the leptogenesis model we focus on tree-level B̃ decay as shown
in Fig.4(a) and its interference with the loop diagram shown in Fig.5(a) which gives rise to a CP asymmetry.
The interference with Fig.5(b) can give comparable additional asymmetry with sizable flavor and CP violation
in slepton mass matrices. The tree level decay rate of B̃ ! LQd̄ + L̄Q̄d via the diagram in Fig.4(a) is:

�
˜B,�L

=
(
p

2�0YLg
1

)2

512⇡3

m5

˜B

m4

0

. (10)

Again the above result is for one flavor combination of LQd̄, and focuses on L̃ mediator for simplicity. When
computing the total decay width, under our simplified assumption of flavor universal RPV couplings, a factor
of 27 needs to be included to account for the flavor multiplicity. Due to the condition m

˜W < m
˜B , two other

3
As we will require Td < M1 to suppress washout, the thermal decay rate can be well approximated by the decay rate in

vacuum since the dilation factor is negligible at Td < M1.
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• Tree level decays:
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Figure 4: Tree-level decays of B̃ in leptogenesis model. (a): ◆L decay that triggers leptogenesis; (b), (c):
L-conserving decay.

L-conserving decay channels open up: B̃ ! LL̄W̃ , B̃ ! H⇤HW̃ , as shown in Fig.4(b),(c). Assuming m
˜B and

m
˜W are well separated, the decay rates are as follows:
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Analogous to the baryogenesis case, the channel B̃ ! LL̄W̃ is subleading compared to the B̃ channel provided
that �0 & O(0.1). The rate of the channel B̃ ! H⇤HW̃ can be subdominant if µ � m

0

. This is consistent
with the already existing requirement of µ � m

0

for getting enough ⌦
�B as discussed earlier. With ◆L decay

dominating, the ✏CP from the interference with diagram Fig.5(a) is:
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The 2nd line in eq.(14) assumes �
˜B ⇡ �

˜B,�L
. We include the contribution to the total width from other decay

channels (eq.(11,12)) when exploring parameter space in our numerical study.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement
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In order to avoid additional branching ratio suppression on ✏CP , we need the B-violating channel to be
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realized with �00 & O(0.1).

Now we move on to compute the ✏CP from the interference with diagram Fig.3(c):

��
˜B,⇢B ⌘ �

˜B!udd � �
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where C
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= 4

3

is the quadratic Casimir from g̃ vertices. The 2nd line in eq.(9) assumes �
˜B ⇡ �

˜B,⇢B . When
exploring parameter space in later numerical study we include the contribution to the total width from other
decay channel (eq.(7)). As can be seen from eq.(9), there is an additional mass suppression factor in addition
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we find ✏CP ⇠ 10�6. The asymmetry given in eq.(9) only includes the contribution from Fig.3(c) assuming
flavor diagonal bino couplings. With possible flavor and CP violations in squark mass matrices included, it is
reasonable to expect the asymmetry gets enhanced by a factor of 2 or more numerically.
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Again the above result is for one flavor combination of LQd̄, and focuses on L̃ mediator for simplicity. When
computing the total decay width, under our simplified assumption of flavor universal RPV couplings, a factor
of 27 needs to be included to account for the flavor multiplicity. Due to the condition m

˜W < m
˜B , two other

3
As we will require Td < M1 to suppress washout, the thermal decay rate can be well approximated by the decay rate in

vacuum since the dilation factor is negligible at Td < M1.
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⇥3 ⇥18 ⇥27 ✏CP = 0 : ✏CP 6= 0 ✏CP ' Im[ei�]
50⇡

m2
B̃

m2
0
◆L µ

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV B̃B̃ ! �B ! W̃ , g̃ ��CP
Mi , (n(i) � 2) (m2

L/R,↵)ij M1 > M3 M3 > M1 > M2, ūd̄ d̄ , LQd̄
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large    -term:  supersymmetric mass parameter, in general can be 
different from both      and              (Arkani-hamed et.al 2012);  exempt 

from the “   -problem” 

Weak scale SUSY with conserved R-parity is well-known for its natural interface with modern cosmology:
it provides neutralino LSP as a WIMP DM candidate. Recently, R-parity violating (RPV) SUSY has drawn
more attention for the purpose of saving naturalness in SUSY, although RPV interactions may well exist in
the context of high scale SUSY or split SUSY. We will demonstrate that the “unnatural” split SUSY, together
with RPV, may “naturally” resolve the prominent puzzle about the origin of baryon asymmetry. By quick
assessment, one can see the natural plausibility to satisfy all the Sakharov conditions [9] for baryogenesis
within the split MSSM. Firstly, RPV MSSM generically comes with new sources of CP violation and B-( L-)
number violation, which are necessary for baryogenesis. If all the superpartners are at weak scale as in the
conventional MSSM, with generic flavor structure, sizable ��CP or RPV is strongly constrained by current ex-
periments [15, 16]. In contrast, if scalar superpartners take heavy masses m

0

& 100 � 1000 TeV as in the split
SUSY, the relevant bounds can be evaded in general, which makes it much safer to exploit large ��CP and RPV
couplings for baryogenesis. Meanwhile, the large mass hierarchy between gauginos and scalar superpartners
can result in a natural long lifetime of a gaugino � with 3-body RPV decay such as � ! udd, suppressed by
heavy m

0

. The out-of-equilibrium late decay of � provides the third Sakharov condition.

Motivated by these observations, we investigate in detail the realistic viability of a baryogenesis mechanism
within the framework of split MSSM. As we will show in the later sections, despite the apparent plausibility, it
is subtle and challenging to get sizable CP asymmetry and consequently su�cient baryon asymmetry within
this simply minimal setup. Nonetheless, an interesting scenario is found to be successful where weak scale
leptogenesis or direct baryogenesis is triggered by a TeV scale bino when it decays after its thermal annihilation
freezes out of equilibrium. Interestingly, considering the relevant cosmological constraints such baryogenesis
models independently favor the “mini-split” scale of m

0

⇠ 100 � 1000 TeV. A wino or gluino that is lighter
than bino, together with a µ-term larger than m

0

are key to generate enough ⌦
�B .

In regards to UV completion, wino LSP is a generic prediction from anomaly mediated SUSY break-
ing which also generically generates a split spectrum[17]. The possibility of gluino LSP has also been well
studied[18, 19]. Regarding µ-term, as the only supersymmetric parameter in the MSSM, in principle, it can
be at a high scale well above weak scale, and di↵erent from both m

gaugino

and m
0

. Motivated by full natu-
ralness principle and well-tempered dark matter candidates in R-parity conserving SUSY, the conventionally
well studied region is µ ⇠ m

gaugino

⇠ m
EW

. Obtaining such a small weak scale µ term in fact often requires
elaborate structure, and is entitled as “solving the µ-problem”. The more generic case of heavy higgsino, hence
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has been explored in [20], and more recently in [3, 4]. The spectrum preferred by our
baryogenesis mechanism, µ � m

0

, is as plausible as those that have been extensively considered. As recently
pointed out in [4], despite the associated tuning, this region is an intriguing case and innocuous in terms of
phenomenology. Our results for baryogenesis may motivate more consideration for the UV explanation and
implications of this parameter region.

We want to comment that the general idea of baryogenesis from late decay of a metastable WIMP after its
thermal freezeout was proposed in our earlier work[10], where we gave model example in the context of natural
SUSY with RPV. The baryogenesis models studied in this work can be seen as an embedding of that general
idea in the scenario of split SUSY. As discussed in [10] as well as in earlier literature[21], RPV interactions in
SUSY models tend to erase any primordial baryon asymmetry generated by conventional baryogenesis at high
scale. The baryogenesis via RPV decay of a metastable WIMP provides a natural remedy to this potential
problem, by resetting the asymmetry at a later time.

The rest of the paper is outlined as follows. In Section.2 we first briefly review the general paradigm
proposed in [10], then discuss the necessary contents and spectrum for baryogenesis in split MSSM and compute
the CP asymmetry for two example models. In Section.3 we compute the baryon abundance and demonstrate
examples of viable parameter space considering cosmological constraints. Section.4 includes discussion about
implications on phenomenology and possible experimental signatures. Finally we conclude with outlooks in
Section.5.
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SUSY with RPV. The baryogenesis models studied in this work can be seen as an embedding of that general
idea in the scenario of split SUSY. As discussed in [10] as well as in earlier literature[21], RPV interactions in
SUSY models tend to erase any primordial baryon asymmetry generated by conventional baryogenesis at high
scale. The baryogenesis via RPV decay of a metastable WIMP provides a natural remedy to this potential
problem, by resetting the asymmetry at a later time.

The rest of the paper is outlined as follows. In Section.2 we first briefly review the general paradigm
proposed in [10], then discuss the necessary contents and spectrum for baryogenesis in split MSSM and compute
the CP asymmetry for two example models. In Section.3 we compute the baryon abundance and demonstrate
examples of viable parameter space considering cosmological constraints. Section.4 includes discussion about
implications on phenomenology and possible experimental signatures. Finally we conclude with outlooks in
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Abstract

We demonstrate here that the mini-split version of the Minimal Supersymmetric Standard Model (MSSM)
including R-parity violating couplings naturally provides all the necessary ingredients for a novel baryo-
genesis mechanism. The baryogenesis is triggered by the late decay of a TeV scale bino after its thermal
freezeout. A µ-term larger than the sfermion masses is necessary for obtaining su�cient baryon asym-
metry. Two example models of direct baryogenesis and leptogenesis are proposed, with viable parameter
spaces presented. The cosmological conditions for the models–in particular, the requirements of a long life-
time of bino and su�cient baryon asymmetry–point towards the mini-split scale of ⇠100-1000 TeV for the
sfermion masses. This provides an independent motivation for mini-split SUSY, along with the constraints
from flavor physics and Higgs mass measurement. We also discuss the potential multi-pronged search for
the signatures of such models, including those at the Large Hadron Collider (LHC) and the low energy
experiments at the intensity frontier.
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• Interference loops:
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Figure 5: ◆L loop diagrams in leptogenesis model. (a) produces a CP asymmetry by interference with Fig.4(a)
even in absence of flavor and CP violation in sfermion mass matrices. (b) contributes to CP asymmetry when
the flavor and CP violation in sfermion mass matrices are sizable.
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Figure 6: (a): Leading annihilation process of B̃; (b), (c): examples of other annihilation channels.

of obtaining su�cient ⌦
�B typically push Tf higher, before EWPT. Even when B̃ decay after EWPT, the

process we discuss here remains the leading contribution, and the change in results is expected to be O(1) or
less. Before EWPT B̃ is a pure bino without mixing with wino or higgsino. Higgsinos at this stage are pure
Dirac: H̃ = (H̃u, H̃d). The requirement of µ � m

0

implies µ2 ⇡ Bµ in order to have realistic electroweak
symmetry breaking. Consequently, the rotation angle ↵ rotating from gauge basis (Hu, H⇤

d ) to mass basis
(H, H 0) is ↵ ⇡ ⇡/4, where the very light mode H relates to the SM higgs boson after EW symmetry breaking.
The hierarchical spectrum 100 GeV⇠ mH ⌧ mH0 results from the split mass scales and fine cancelation. The
major diagram that contributes to B̃ annihilation before EWPT is B̃B̃ ! HH⇤ as shown in Fig.6(a). At
this stage the light Higgs spectrum consists of a complex doublet H with four real degrees of freedom. The
annihilation cross section is given by:

�HH⇤(s) =
g4
1

32⇡

s � 4M2

1

s
p

1 � 4M2

1

/s

1

µ2

. (15)

The thermally averaged cross-section is:
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sK
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(

p
s

T
) (16)

In a large range of (µ, ms) parameter space including part of the µ � ms region of our interest, the above
process B̃B̃ ! HH⇤ is the dominant annihilation channel. However, with ms fixed at a finite value while
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Figure 4: Tree-level decays of B̃ in leptogenesis model. (a): ◆L decay that triggers leptogenesis; (b), (c):
L-conserving decay.

L-conserving decay channels open up: B̃ ! LL̄W̃ , B̃ ! H⇤HW̃ , as shown in Fig.4(b),(c). Assuming m
˜B and

m
˜W are well separated, the decay rates are as follows:

�
˜B!L¯L ˜W =

(YLg
1

g
2

)2

3072⇡3

m5

˜B

m4

0

(11)

�
˜B!H⇤H ˜W =

(YHg
1

g
2

)2

384⇡3

m3

˜B

µ2

(12)

Analogous to the baryogenesis case, the channel B̃ ! LL̄W̃ is subleading compared to the B̃ channel provided
that �0 & O(0.1). The rate of the channel B̃ ! H⇤HW̃ can be subdominant if µ � m

0

. This is consistent
with the already existing requirement of µ � m

0

for getting enough ⌦
�B as discussed earlier. With ◆L decay

dominating, the ✏CP from the interference with diagram Fig.5(a) is:

��
˜B,�L

⌘ �
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��

˜B,�L
�

˜B

=
g2
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Im[ei�]

20⇡

m2
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m2

0

. (14)

The 2nd line in eq.(14) assumes �
˜B ⇡ �

˜B,�L
. We include the contribution to the total width from other decay

channels (eq.(11,12)) when exploring parameter space in our numerical study.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement
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2 The Model

2.1 Baryogenesis from Metastable WIMP decay: A Review

We first briefly review the general setup of metastable WIMP triggered baryogenesis as proposed in [10].
The conventional “WIMP” refers to a stable weak scale particle with weak interactions with the SM fields,
which can be a good dark matter candidate according to the “WIMP miracle”. Nonetheless, just like the
known particles in the SM, in general a WIMP can have diverse lifetimes, depending on symmetry protection,
mediator mass and couplings associated with possible decay channels. In particular, a metastable WIMP �
may experience a thermal freezeout stage just like a WIMP dark matter, but then later decays. Such decay
can trigger baryogenesis if the process involves CP and B-(L-) violations. The freezeout of � occurs when
�
ann

⇠ H, where �
ann

is the annihilation rate, H is the Hubble expansion rate. Suppose there is no later
decay of � (i.e. the � lifetime ⌧ ! 1), as if it were a DM candidate, its “would-be” relic abundance is set by
its annihilation cross section:

⌦⌧!1
� ' 0.1

↵2

weak

/(TeV)2

h�
A

vi

' 0.1

✓
g
weak

g�

◆
4

✓
m4

med

m2

� · TeV2

◆
. (1)

Apparently, with a weak scale h�
A

vi, ⌦⌧!1
� is in the right ballpark of the observed ⌦DM ⇡ 23%, which is the

well-known “WIMP miracle” for dark matter. The second line in eq.(1) manifests the dependence on model
parameters in the generic case of a heavier scalar mediator. We assume that at a later stage after the thermal
freezeout, � decays in a ��CP and ��B(◆L) way, which allows us to simply treat thermal freezeout and decay as
decoupled processes. The resultant baryon abundance is directly proportional to the abundance of � at the
end of its freezeout, or its “would-be” relic abundance ⌦⌧!1

� as given in eq.(1). The assumption that � decay
after its thermal annihilation freezes out of equilibrium and after the thermal bath temperature falls below �
mass automatically suppress ��B(◆L) washout processes such as inverse decay. With negligible washout e↵ect,
we obtain:

⌦
�B = ✏

CP

mp

m�B

⌦⌧!1
�B

· ⇣, (2)

where ✏CP is the CP asymmetry of the decay, typically suppressed by 1-loop factor or more if there is a heavy
mediator, while mp

m�
⇠ 10�3 � 10�2 for � of weak scale mass. The addition factor ⇣ = 1 for direct baryogenesis

occurring after electroweak phase transition. If � decays before the phase transition, ⇣ represents the sphaleron
distribution factor: ⇣ = 51/79 for direct baryogenesis, ⇣ = 28/79 for leptogenesis[22].

Now considering that ⌦
�B ⇡ 1

5

mp

m�
⌦DM and ✏CP

mp

m�
. 10�4, we find ⌦⌧!1

� � ⌦DM is necessary based on

eqs.(1,2). This tells us that the viable baryon parent should be a rather weakly coupled WIMP (compared to
a dark matter WIMP), with large “overabundance” in the limit where it is stable and may be considered as a
DM candidate. Notice that if the suppression only comes from 1-loop factor, the required overabundance can
be achieved by O(1) adjustment of couplings or mediator mass associated with the baryon parent WIMP, as
we can see from the second line in eq.(1) which manifests the power law dependence on model parameters in
a generic example.

We illustrate the key physics processes for this novel baryogenesis mechanism in Fig.(1).

2.2 Bino as the baryon parent: B̃ ! �B

Now we discuss how the split MSSM can fit into the above general paradigm for low scale baryogenesis. As
discussed in the Introduction, in the split MSSM with RPV a weak scale fermionic superpartner can naturally
have a long life-time due to the much heavier sfermion mediator in its RPV decay. The requirement of ��CP
and ��B(◆L) in the decay selects Majorana gauginos (rather than Dirac Higgsinos) as candidates for the WIMP
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We illustrate the key physics processes for this novel baryogenesis mechanism in Fig.(1).

2.2 Bino as the baryon parent: B̃ ! �B

Now we discuss how the split MSSM can fit into the above general paradigm for low scale baryogenesis. As
discussed in the Introduction, in the split MSSM with RPV a weak scale fermionic superpartner can naturally
have a long life-time due to the much heavier sfermion mediator in its RPV decay. The requirement of ��CP
and ��B(◆L) in the decay selects Majorana gauginos (rather than Dirac Higgsinos) as candidates for the WIMP
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ūk

d̃

(b)

B̃

B̃

H

H�

H̃

B̃

B̃

d̃

di

d̄j

B̃

di

d̄j

ūk

d̃

(c)

Figure 6: (a): Leading annihilation process of B̃; (b), (c): examples of other annihilation channels.

of obtaining su�cient ⌦
�B typically push Tf higher, before EWPT. Even when B̃ decay after EWPT, the

process we discuss here remains the leading contribution, and the change in results is expected to be O(1) or
less. Before EWPT B̃ is a pure bino without mixing with wino or higgsino. Higgsinos at this stage are pure
Dirac: H̃ = (H̃u, H̃d). The requirement of µ � m

0

implies µ2 ⇡ Bµ in order to have realistic electroweak
symmetry breaking. Consequently, the rotation angle ↵ rotating from gauge basis (Hu, H⇤

d ) to mass basis
(H, H 0) is ↵ ⇡ ⇡/4, where the very light mode H relates to the SM higgs boson after EW symmetry breaking.
The hierarchical spectrum 100 GeV⇠ mH ⌧ mH0 results from the split mass scales and fine cancelation. The
major diagram that contributes to B̃ annihilation before EWPT is B̃B̃ ! HH⇤ as shown in Fig.6(a). At
this stage the light Higgs spectrum consists of a complex doublet H with four real degrees of freedom. The
annihilation cross section is given by:

�HH⇤(s) =
g4
1

32⇡

s � 4M2

1

s
p

1 � 4M2

1

/s

1

µ2

. (15)

The thermally averaged cross-section is:

h�HH⇤vi =
1

8M4

1

TK2

2

(M
1

/T )

Z 1

4M2
1

ds�HH⇤(s)(s � 4M2

1

)
p

sK
1

(

p
s

T
) (16)

In a large range of (µ, ms) parameter space including part of the µ � ms region of our interest, the above
process B̃B̃ ! HH⇤ is the dominant annihilation channel. However, with ms fixed at a finite value while

9

B̃
L̃

Li

L̄

W̃

L̃�

Qj

d̄k

B̃ Li

Qj

d̄k

L̃�

L̄

Q̃�
W̃

(a)

B̃
L̃

Li

L̄

W̃

L̃�

Qj

d̄k

B̃ Li

Qj

d̄k

L̃�

L̄

Q̃�
W̃

(b)

Figure 5: ◆L loop diagrams in leptogenesis model. (a) produces a CP asymmetry by interference with Fig.4(a)
even in absence of flavor and CP violation in sfermion mass matrices. (b) contributes to CP asymmetry when
the flavor and CP violation in sfermion mass matrices are sizable.

B̃

B̃

H

H�

H̃

B̃

B̃

d̃

di

d̄j

B̃

Di

d̄j

ūk
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keep increasing µ, at some point other annihilation processes such as those shown in Fig.6(b,c) can become
comparable or dominate over the channel of B̃B̃ ! HH⇤. In particular, in the limit µ ! 1 the process
B̃B̃ ! HH⇤ would decouple. Therefore, to cover the most general parameter space, we should include the
other annihilation channels in our analysis as well. Among these other annihilation channels we expect the

��B(◆L) channel of type B̃d ! ūd̄ (B̃L ! Q̄d) to be dominant due to its large multiplicity factor and the lack
of p-wave suppression. The analogy of these additional annihilation channels are discussed in [13, 23] where
the baryogenesis models are based on two general singlet Majorana fermions and a new heavy diquark scalar.
Under our simplified assumption of universal RPV couplings, the thermal cross section of ��B annihilation
(Fig.6(c)) is:

h�⇢B(�L)

vi ' ⇠2

10⇡

M2

1

m4

s


5
K

4

(M
1

/T )

K
2

(M
1

/T )
+ 1

�
, (17)

where ⇠ =
p

2g
1

Yd�
00
,
p

2g
1

YL�
0

in the case of baryogenesis and leptogenesis respectively. We define the
freezeout temperature by solving

�
ann

(xf ) ⌘ n
eq

(xf )h�v
ann

(xf )i = H(xf ), (18)

where xf ⌘ M
1

/Tf , h�v
ann

i includes the sum of the H̃ mediated and the ��B(◆L) annihilations.
To a good approximation to the solution obtained by solving Boltzmann equation, the “would-be” relic abun-
dance of bino is given by:

⌦⌧!1
˜B

=
Y
eq

(xf )M
1

(⇢c/s)
0

' 2 · 109 GeV�1 xf

g
1
2⇤ M

pl

h�v
ann

(xf )i
, (19)

where Y eq

˜B
(xf ) ⌘ neq(xf )

s(xf )
is the co-moving number density of bino at Tf . (⇢c/s)

0

⇡ 3.6h2 · 10�9GeV (h ⇡ 0.7),

where (⇢c)0 is the critical co-moving density today, s
0

is the current day entropy. g⇤ counts the e↵ective
relativistic degrees of freedom, g⇤ ⇡ 100 before EWPT. As we will see, due to the suppressed asymmetry,
xf . 5 in most of the working parameter space.

Finally we obtain baryon relic abundance by combining eqs.(2,9,14,19). With H̃ mediated annihilation
dominating, we can parametrize an estimate as:

⌦
�B ⇠ 10�2

⇣ m
˜B

1 TeV

⌘✓
µ

10m
0

◆
2

. (20)

The above estimate is based on the baryogenesis model. With the same mass parameters, the numerical value
for the leptogenesis model is expected to be up to 1 order of magnitude smaller, due to smaller gauge coupling
g
2

(vs. g
3

) and smaller sphaleron distribution factor, although as mentioned earlier the asymmetry can be
larger in the leptogenesis model if we consider a spectrum with M

1

> M
3

instead. Apparently for a TeV mass
bino, a split between µ and m

0

is necessary to obtain the observed ⌦
�B . We shall comment that for fixed

m
˜B and m

0

, ⌦
�B does not keep increasing as we increase µ. For one, as discussed earlier, at some point with

µ � m
0

other annihilation channels mediated by sfermions would dominate the total cross section and limit
the growth of ⌦

�B . Meanwhile, for m
˜B ⇠ O(TeV), B̃ freezes out as a hot relic (xf . 1) at µ ⇠ 109 GeV and

m
0

⇠ 107 GeV, where Y eq
˜B

(xf ) would saturate to its maximum value ⇠ 10�3, without further growth when
h�v

ann

i further reduces and xf becomes smaller.

There are several potential suppression factors on top of the above estimate where we assume 100% baryo-
genesis e�ciency. Firstly, the asymmetry may be suppressed if ��B(◆L) decay has a small branching ratio (BR),
compared to the B(L)-conserving decay channel. As discussed in Section.2, with a sizable RPV coupling
(& O(0.1)) and the existing condition of µ � m

0

, ��B(◆L) decay is typically a leading channel, and the BR
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Figure 4: Tree-level decays of B̃ in leptogenesis model. (a): ◆L decay that triggers leptogenesis; (b), (c):
L-conserving decay.

L-conserving decay channels open up: B̃ ! LL̄W̃ , B̃ ! H⇤HW̃ , as shown in Fig.4(b),(c). Assuming m
˜B and

m
˜W are well separated, the decay rates are as follows:

�
˜B!L¯L ˜W =

(YLg
1

g
2

)2

3072⇡3

m5

˜B

m4

0

(11)

�
˜B!H⇤H ˜W =

(YHg
1

g
2

)2

384⇡3

m3

˜B

µ2

(12)

Analogous to the baryogenesis case, the channel B̃ ! LL̄W̃ is subleading compared to the B̃ channel provided
that �0 & O(0.1). The rate of the channel B̃ ! H⇤HW̃ can be subdominant if µ � m

0

. This is consistent
with the already existing requirement of µ � m

0

for getting enough ⌦
�B as discussed earlier. With ◆L decay

dominating, the ✏CP from the interference with diagram Fig.5(a) is:

��
˜B,�L

⌘ �
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Im
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2YLg
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��

˜B,�L
�
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=
g2
2

Im[ei�]

20⇡

m2

˜B

m2

0

. (14)

The 2nd line in eq.(14) assumes �
˜B ⇡ �

˜B,�L
. We include the contribution to the total width from other decay

channels (eq.(11,12)) when exploring parameter space in our numerical study.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement
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Figure 4: Tree-level decays of B̃ in leptogenesis model. (a): ◆L decay that triggers leptogenesis; (b), (c):
L-conserving decay.

L-conserving decay channels open up: B̃ ! LL̄W̃ , B̃ ! H⇤HW̃ , as shown in Fig.4(b),(c). Assuming m
˜B and

m
˜W are well separated, the decay rates are as follows:
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Analogous to the baryogenesis case, the channel B̃ ! LL̄W̃ is subleading compared to the B̃ channel provided
that �0 & O(0.1). The rate of the channel B̃ ! H⇤HW̃ can be subdominant if µ � m

0

. This is consistent
with the already existing requirement of µ � m

0

for getting enough ⌦
�B as discussed earlier. With ◆L decay

dominating, the ✏CP from the interference with diagram Fig.5(a) is:
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The 2nd line in eq.(14) assumes �
˜B ⇡ �

˜B,�L
. We include the contribution to the total width from other decay

channels (eq.(11,12)) when exploring parameter space in our numerical study.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement
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Other processes, dominate at            :

keep increasing µ, at some point other annihilation processes such as those shown in Fig.6(b,c) can become
comparable or dominate over the channel of B̃B̃ ! HH⇤. In particular, in the limit µ ! 1 the process
B̃B̃ ! HH⇤ would decouple. Therefore, to cover the most general parameter space, we should include the
other annihilation channels in our analysis as well. Among these other annihilation channels we expect the

��B(◆L) channel of type B̃d ! ūd̄ (B̃L ! Q̄d) to be dominant due to its large multiplicity factor and the lack
of p-wave suppression. The analogy of these additional annihilation channels are discussed in [13, 23] where
the baryogenesis models are based on two general singlet Majorana fermions and a new heavy diquark scalar.
Under our simplified assumption of universal RPV couplings, the thermal cross section of ��B annihilation
(Fig.6(c)) is:

h�⇢B(�L)

vi ' ⇠2

10⇡

M2

1

m4

s


5
K

4

(M
1

/T )

K
2

(M
1

/T )
+ 1

�
, (17)

where ⇠ =
p

2g
1

Yd�
00
,
p

2g
1

YL�
0

in the case of baryogenesis and leptogenesis respectively. We define the
freezeout temperature by solving

�
ann

(xf ) ⌘ n
eq

(xf )h�v
ann

(xf )i = H(xf ), (18)

where xf ⌘ M
1

/Tf , h�v
ann

i includes the sum of the H̃ mediated and the ��B(◆L) annihilations.
To a good approximation to the solution obtained by solving Boltzmann equation, the “would-be” relic abun-
dance of bino is given by:

⌦⌧!1
˜B

=
Y
eq

(xf )M
1

(⇢c/s)
0

' 2 · 109 GeV�1 xf

g
1
2⇤ M

pl

h�v
ann

(xf )i
, (19)

where Y eq

˜B
(xf ) ⌘ neq(xf )

s(xf )
is the co-moving number density of bino at Tf . (⇢c/s)

0

⇡ 3.6h2 · 10�9GeV (h ⇡ 0.7),

where (⇢c)0 is the critical co-moving density today, s
0

is the current day entropy. g⇤ counts the e↵ective
relativistic degrees of freedom, g⇤ ⇡ 100 before EWPT. As we will see, due to the suppressed asymmetry,
xf . 5 in most of the working parameter space.

Finally we obtain baryon relic abundance by combining eqs.(2,9,14,19). With H̃ mediated annihilation
dominating, we can parametrize an estimate as:

⌦
�B ⇠ 10�2

⇣ m
˜B

1 TeV

⌘✓
µ

10m
0

◆
2

. (20)

The above estimate is based on the baryogenesis model. With the same mass parameters, the numerical value
for the leptogenesis model is expected to be up to 1 order of magnitude smaller, due to smaller gauge coupling
g
2

(vs. g
3

) and smaller sphaleron distribution factor, although as mentioned earlier the asymmetry can be
larger in the leptogenesis model if we consider a spectrum with M

1

> M
3

instead. Apparently for a TeV mass
bino, a split between µ and m

0

is necessary to obtain the observed ⌦
�B . We shall comment that for fixed

m
˜B and m

0

, ⌦
�B does not keep increasing as we increase µ. For one, as discussed earlier, at some point with

µ � m
0

other annihilation channels mediated by sfermions would dominate the total cross section and limit
the growth of ⌦

�B . Meanwhile, for m
˜B ⇠ O(TeV), B̃ freezes out as a hot relic (xf . 1) at µ ⇠ 109 GeV and

m
0

⇠ 107 GeV, where Y eq
˜B

(xf ) would saturate to its maximum value ⇠ 10�3, without further growth when
h�v

ann

i further reduces and xf becomes smaller.

There are several potential suppression factors on top of the above estimate where we assume 100% baryo-
genesis e�ciency. Firstly, the asymmetry may be suppressed if ��B(◆L) decay has a small branching ratio (BR),
compared to the B(L)-conserving decay channel. As discussed in Section.2, with a sizable RPV coupling
(& O(0.1)) and the existing condition of µ � m

0

, ��B(◆L) decay is typically a leading channel, and the BR
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Numerical Results, examples
Include cosmological constraints:        , lifetime, washout,        
mini-split:                              !                    

!
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Figure 7: Cosmologically allowed regions of parameter space for (a) baryogenesis and (b) leptogenesis models.
We set RPV couplings �

00
= �

0
= 0.2, � = ⇡

2

. Cyan region provides baryon abundance 10�2 < ⌦
�B < 4 ·10�2.

In the case of leptogenesis the brown region is excluded by decay after EWPT at Tc ⇡ 100 GeV. The pink
region is excluded by our simple basic assumption that bino decays after freezeout. Yellow region is excluded
by requiring that washout processes are suppressed (Td < M

˜B). Yellow region is in fact all included in the
pink region (so appear to be orange in the overlapped region).

12

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

� ! udd ��CP , ◆B (◆L)
mscalar ⇠ O(100 � 1000)TeV B̃B̃ ! �B ! W̃ , g̃ ��CP
Mi , (n(i) � 2) (m2

L/R,↵)ij M1 > M3 M3 > M1 > M2, ūd̄ d̄ , LQd̄
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Figure 4: Tree-level decays of B̃ in leptogenesis model. (a): ◆L decay that triggers leptogenesis; (b), (c):
L-conserving decay.

L-conserving decay channels open up: B̃ ! LL̄W̃ , B̃ ! H⇤HW̃ , as shown in Fig.4(b),(c). Assuming m
˜B and

m
˜W are well separated, the decay rates are as follows:
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Analogous to the baryogenesis case, the channel B̃ ! LL̄W̃ is subleading compared to the B̃ channel provided
that �0 & O(0.1). The rate of the channel B̃ ! H⇤HW̃ can be subdominant if µ � m

0

. This is consistent
with the already existing requirement of µ � m

0

for getting enough ⌦
�B as discussed earlier. With ◆L decay

dominating, the ✏CP from the interference with diagram Fig.5(a) is:
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The 2nd line in eq.(14) assumes �
˜B ⇡ �

˜B,�L
. We include the contribution to the total width from other decay

channels (eq.(11,12)) when exploring parameter space in our numerical study.

3 Computation of ⌦�B, Constraints

In this section we compute ⌦
�B in detail, and present numerical results taking into account of all of the

cosmological constraints. We start with analyzing the thermal annihilation of a TeV B̃ and its would-be relic
abundance ⌦⌧!1

˜B
. In the case of the leptogenesis the decay needs to occur after thermal freezeout time Tf

while before electroweak phase transition (EWPT) around Tc ⇡ 100 GeV, so that the sphaleron process is still
e�cient to transfer the asymmetry to baryons. In the case of baryogenesis, in principle the decay can happen
well after EWPT. However, as we will show in the numerical results, due to the suppressed ✏CP the requirement

8

Loss of full 
naturalness: a 
compromise 

with anthropic/
environmental 

selection? 



LHC Phenomenology
           (work in preparation, YC and B. Shuve)

Universal features of WIMP BG: 

• Long-lived WIMP: decay after thermal-freezeout (Sakharov)

-- Displaced vertex inside collider!  (our focus)

★ DV in general: not well-covered search, rising interest, low bkg

★ Cosmological motivation for DV search from WIMP BG!  

• CP-, B/L-violation in WIMP decay: Measure charge 
asymmetry in final states system (interesting next step)
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Simplified Models Approach 
for LHC DV Searches of WIMP BG 

WIMP BG: general mechanism, vast landscape for model-
building, examples shown (in natural SUSY, mini-split SUSY).

Collider Study: should be model-independent

Simplified models/Effective Lagrangians approach

• Classify by production channel: charges of the metastable 

✦ Carry SM gauge charge: e.g. wino, gluino in split SUSY model

pair production:                                sizable cross-section 
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Simplified Models Approach 
for LHC DV Searches of WIMP BG 

✦ (Mostly) Singlet under SM gauge groups: 

e.g.     in natural SUSY BG model, couples via higgs portal
Pair production:                            

 Small cross-section, esp. when 

✤ Also motivated by hidden-valley, twin-Higgs (naturalness)... 
Important! But...

Search can be challenging if     decays invisibly/promptly
E.g. invisible   ,                                   , far off reach @LHC,

barely @ILC/TLEP (YC, Chacko and Hong arxiv:1311.3306, PLB )   

What about     with displaced decay? low bkg, no cost of 
associated ISR jet/Z,                                           reachable at LHC?

39

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤)(H 0) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤)(H 0) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2 m� = 100 GeV, ch�� = 1

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2 m� = 100 GeV, ch�� = 1, �S ⌧ �B!

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤)(H 0) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2 m� = 100 GeV, ch�� = 1, �S ⌧ �B! ,
m� > 100 GeV, ch�� ⇠ O(0.1)

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤)(H 0) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2

Introduction Baryogenesis for WIMPs: General Formulation, Minimal Model Meeting Particle Physics Frontier: Embed in�B SUSY Conclusions

⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2 m� = 100 GeV, ch�� = 1, �S ⌧ �B! ,
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MW̃ & 900 GeV, Ldec ⇠ O(1) � O(10) cm



Simplified Models Approach 
for LHC DV Searches of WIMP BG 

• Classify by decay channels: (assume decayed    is fermion)

SM        fermion trilinear operators, couple to   (inspired 
by RPV SUSY)       final state combination: jet/lepton/MET  

• Effective Lagrangians (classified production&decay channels) 
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gauge ! ��, h��, O(1),
m� > mh/2 m� = 100 GeV, ch�� = 1, �S ⌧ �B! ,
m� > 100 GeV, ch�� ⇠ O(0.1), ◆B(◆L)

• The first type of the metastable new states carry SM color or electroweak charge, such as gluino, winos
in the SUSY context. These states can have direct pair-production from qq̄ initial states via s-channel
exchange of a SM gauge boson. These gauginos can also be produced via t-channel exchange of squarks,
or via cascade decay from squarks, provided that the squarks are not too heavy. In this latter case the

��B(◆L) couplings of the gaugino has to be small in order to give a long lifetime. In this work, for the
production of long-lived gauginos, we focus on the case where the squarks are heavy as in the (mini-
)split SUSY, so that the s-channel production dominates. [YC: + discussion on light stop in the natural
SUSY model later? there we only consider long-lived singlet, so no conflict with the statement here.] In
addition, in our simplified analysis here we ignore the possible mixing between winos and bino/higgsino,
assuming a moderately heavy higgsino3, therefore the production cross-sections are neatly determined by
the gauge couplings and the mass of the new states. Due to the full SM gauge charges, these states can
be produced with sizable cross-section at the LHC, provided that the mass is not too large[YC: specify
how large?].

• The second type of metastable new states are (mostly) singlets under SM gauge groups. These include
bino in the SUSY context, and more general singlets. Bino, although is a gauge singlet, as a gaugino
it has direct couplings to the SM fermions/higgs together with their superpartners. With light squarks
in the spectrum, B̃ can be produced via t-channel exchange of squarks or via cascade decay of squarks.
Nonetheless as mentioned above, we simplify our discussion by assuming decoupled squarks. Therefore
direct pair production of bino is negligible, while it can be produced via cascade decay from g̃ or W̃ .
Here we assume higgsinos are at least moderately heavy so that the production of bino via mixing with
W̃ , H̃ are negligible. The long-lived singlets can be more general, without direct coupling to the SM
states. They can be produced via Higgs-portal which may also enable the thermal annihilation of the
singlets into the SM as needed for establishing a WIMP-like would-be relic abundance. Such possibility
of long-lived singlets connected to Higgs portal is also generic in the well-known Hidden-Valley scenario.

After production, the decay channel of the new state is determined by the SM fermion trilinears it couples
to [YC: comment on bilinear?]. For the purpose of phenomenology studies, it is convenient to classify the B-,
L-violating SM fermion trilinear operators that can couple to SM adjoint (gaugino) or singlet in the terms
of the chiralities and lepton/baryon number of the involved fermions. We first explain our notations. “b”:
the operator contains at least two baryons/quarks, “l”: the operator contains leptons only; “L”: the operator
contains at least two left-handed SM fermions, “R”: the operator contains right-handed SM fermions only.
The classification is as follows:

• ObL: �0 QDL, ⌘0 QUL†, ⌘00 QQd†

• ObR: �00 UDD, ⌘ UED†

• OlL: � LLE

Notice that these operators can be easily inspired by gauge-invariant��B,◆L trilinears in the SUSY context. We
have included the operators inspired RPV super potential terms as well as ��B,◆L non-holomorphic terms that
can originate from Kahler potentials after SUSY breaking[3]. There is in principle also a OlR: HdH†

uE. But
that would involve higgsino final states which are not as general for non-susy case [YC: check this]. Here we
drop o↵ the flavor indices in these operators, although flavor structure can be interesting in particular models,
in particular those favor the third generation, such as Natural SUSY with light stops [YC: +discuss third
generation later?].

3
For instance, in the minimal baryogenesis model within split-SUSY[2], such mixings are naturally negligible due to large µ

2

Now we can write down the e↵ective Lagrangians relevant to the production and decay of the various new
states as discussed above:

L
gaugino

= gif
abc�a†

i �̄µAb
µ,i�

c
i +

g̃ (ObL,ObR)

⇤2

g̃

+
W̃ a (ObL,OlL)

⇤2

˜W

+
B̃ (ObL,ObR,OlL)

⇤2

˜B

(1)

L
singlet

= ⇠
|H|2�s�s

⇤H
+

�s (ObL,ObR,OlL)

⇤2

s

, (2)

where the first term in eq. (1) represents the gauge interactions of the gauginos, the gaugino or the singlet
fermion can couple to any of the operators within the () (with di↵erent coe�cients in general), W̃ a includes
both charged winos and the neutral wino. For UV completion of the above higher dimensional operators, the
dim-6 terms responsible for decays can originate from integrating out heavy sfermions, or e↵ectively from small

��B,◆L couplings. The dim-5 term of |H|2�s�s generally arises from the mixing between Higgs and a singlet
scalar S that directly couples to �s, and provides the Higgs-portal production of �s with a Higgs Vev insertion.
There is another possibility that �s can be produced from the resonance S which may be more important than
the Higgs-portal channel when S has a somewhat low mass. This possibility was mentioned in [1], and is
similar to the case already considered in e.g. CMS displaced dijet search[]. [YC: +boost hurts e�ciency...] In
this work we assume the minimal spectrum where the singlet scalar decouples, and focus on the production
channel via the SM Higgs-portal. We also want to comment that in the case of natural SUSY model as in [1],
�s undergoes a two-step decay �s ! tt̃⇤ ! tdidj . Such final states event topology is also covered by the higher
dimensional approach here, while a more elaborate study on the event may reveal an intermediate on-shell stop.

3 Relevant Displaced Vertex Searches at Colliders

Review, including Tevatron, LEP and LHC. What searches are relevant to us, which ones we will focus on.
Possible loop-holes, possible ways to improve...

4 Search for “Displaced” WIMP Baryogenesis at the LHC

Summarize general features relevant for collider signals:

• Expectation for decay length approximate

• Symmetry leads to pair-production in general

• Final states: 3-prong decay jets, leptons, MET (photon not so relevant)

• ...

We then present examples as case studies:

4.1 Long-lived MSSM Neutralinos with RPV couplings

+higgsino?

• Focus on wino as a case study. Demonstrate limit in terms of wino mass. We have done 3 jets case vs.
CMS DV dijet search. Should be easy to run 2jets+lepton (QDL) model through the same code and get
a bound? Then do we want to analyze wino model vs. other searches: ATLAS DV muon and/or DV
dileptons as well? My current thought is we can do one of them, maybe the DV muon which can cover
both LLE,QDL (we have something interesting to suggest as discussed), then comment on other related
searches without detailed work. But we should do no more than three searches in detail, or it’d be too

3
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⌧dec & tfo ⇠ (MeV
Tfo

)2 · 1 sec, Tfo ⇠ 100 GeV ) ⌧dec & 1 cm
�HuHd , gg ! h(⇤)(H 0) ! ��, pp ! V ⇤

gauge ! ��, h��, O(1),
m� > mh/2



LHC DV Searches of WIMP BG

• Relevant searches (sensitivity depends on        , boost...), e.g.:

✦ CMS displaced dijet (2013): on resonance heavy H dijet 
decay

✦ ATLAS displaced muon+tracks (arxiv: 1210.7451): RPV 
neutralino from squark decays

• Preliminary studies:

★ Recast CMS dijet search for direct pair-produced wino w/3-jet 
decay: efficient constraint,                    for               

★ Higgs portal models: current DV search may not be sensitive 
enough, ways to improve?... (work in progress)
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Conclusions
• Our simple, robust mechanism realizes the 

challenging goal:  

• Unique low scale baryogensis mechanism 
independent of DM story:  WIMP miracle 
predicts right ball park of        

• Natural embedding in    Natural SUSY, also a 
remedy to a potential cosmological problem 

• Embedding in RPV Split SUSY: works within 
minimal model (MSSM), independently motivates 
mini-split spectrum
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⌦
DM

⇠ ⌦
B

: relatively overlooked until recently!
Paradigm: Asymmetric Dark Matter (ADM)

⌦
DM

is also “asymmetric” (DM vs. DM), connected to
baryon asymmetry (Kaplan 1982; Nussinov 1985; Kaplan,
Luty, Zurek 2009...);
Various mechanisms: via Co-generation or Transfer
(transfer by thermalization via higher-dim. operator, or
renormalizable mass mixing (Cui, Randall and Shuve,
arXiv:1106.4834, JHEP08(2011)73) )

Summary:
Conventional Baryognesis/WIMP DM miracle/ADM: addresses
only ONE aspect in ⌦B/⌦DM /(⌦B ⇠ ⌦DM), sacrificing
explanation for the other two
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Outlook
• New particle physics related to EW hierarchy problem          

New cosmology

• Conventional focus:  WIMP DM (e.g. RPC SUSY)

• New Perspective:  Baryogenesis from metastable WIMP 
decay (e.g. RPV SUSY)

Exciting possibility: 
Test the cosmological 
origin of matter(cosmology 
frontier) at energy frontier- 
current-day colliders (LHC),  
intensity frontier - improved low energy experiments 
(           oscillation, flavor physics...)!
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Outlook: Mini-Split SUSY?

Outlook: Embed in ��B (mini-)Split SUSY?

Appealing prospects:
Natural long-lifetime by exchanging heavy squarks 3-body
decay � ! udd
Constraints from washout, FCNC, n � n̄ etc. easily
satisfied even with generic flavor structure:
thanks to µ ⇠ msc & 100 TeV.
If � ! B̃ (?): natural overabundance required to
compensate ✏CP , mp

mB̃
: ⌦⌧!1

B̃ ⇠ 102�3( µ
10 TeV )

2.

(Appeals: motivated theories, LHC search...)


